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Introduction

One of NASA's primary missions is to reduce the cost of access to space while

simultaneously increasing safety. A key component, and one of the least understood, is

the recurring operations and support cost for reusable launch systems. In order to predict

these costs, NASA, under the leadership of the Independent Program Assessment Office

(IPAO), has commissioned the development of a Launch Systems Operations Cost Model

(LSOCM).

LSOCM is a tool to predict the operations & support (O&S) cost of new and

modified reusable (and partially reusable) launch systems. The requirements are to

predict the non-recurring cost for the ground infrastructure and the recurring cost of

maintaining that infrastructure, performing vehicle logistics, and performing the O&S

actions to return the vehicle to flight. In addition, the model must estimate the time

required to cycle the vehicle through all of the ground processing activities.

The current version of LSOCM is an amalgamation of existing tools, leveraging

our understanding of shuttle operations cost with a means of predicting how the

maintenance burden will change as the vehicle becomes more aircraft like. The use of

the Conceptual Operations Manpower Estimating Tool/Operations Cost Model

(COMET/OCM) provides a solid point of departure based on shuttle and expendable

launch vehicle (ELV) experience. The incorporation of the Reliability and

Maintainability Analysis Tool (RMAT) as expressed by a set of response surface model

equations gives a method for estimating how changing launch system characteristics

affects cost and cycle time as compared to today's shuttle system.

Plans are being made to improve the model. The development team will be

spending the next few months devising a structured methodology that will enable verified

and validated algorithms to give accurate cost estimates. To assist in this endeavor the

LSOCM team is part of an Agency wide effort to combine resources with other cost and

operations professionals to support models, databases, and operations assessments.

Background

NASA has recognized the problem of predicting reusable launch systems

operations cost for many years. Early efforts include the Ground Operations Cost Model

(GOCM), COMET/OCM, and the Operations Impact Assessor. More recent efforts are

the Architectural Assessment Tool - evaluator (AATe), the Vision Spaceport Joint

Sponsored Research Agreement, and of course, LSOCM. Other related efforts include a

Macro Level Shuttle Processing Simulation Model, the Baseline Comparison Systems

(BCS) database, and RMAT.



However,despitenumerousattemptsto understandthecostimpactsof vehicle
design,technology,andgroundsystemdefinition,notonetoolhasprovento bethe
definitiveproductfor determiningtheO&Scostof futurelaunchsystems.Therearetwo
simplereasonsfor this: lackof dataandthesizeof theproblem.

Traditionalcostmodelsrelyona databaseof like productsthatcanbeanalyzed
andusedto developcostestimatingrelationships(CER). In thecaseof reusablelaunch
systems,only onehasbeensuccessfullydeployed:theSpaceShuttle. Otherprograms
thatmighthaveprovidedadditionalinsight into O&Scost,suchasX-33andDC-X, were
eithercancelledor aretoo far removedfrom thecapabilitiesrequiredfor anearth-to-orbit
launchsystemto beof muchuse.To compoundtheproblem,thedatathatis availableon
theshuttleis inconsistentin depthandcoverage.

TheSpaceShuttleis a complexmachinefor a verygoodreason:it mustbea
rocketfor launch,aspacecraftin orbit, andaglider for thereturnto Earth. Eachof these
rolesimposesits own setof requirementsthatdrive thevehicledesign,andin turn,the
O&Ssystemnecessaryto supportit. For example,thereusableceramictilesnecessaryto
protecttheshuttlefrom theextremelyhightemperaturesof reentryarefragile, leadingto
manymaintenancehoursfor repair,replacement,andwaterproofing(which isdoneusing
atoxic chemical,which alsoincreasesthecomplexityandcostof operations).Yet these
tilesareusedfor only averysmallportionof thetotal mission.

Thefunctionsnecessaryto performall O&S activitiesfor a systemlike theshuttle
oftenrequireuniquefacilities, valuablegroundsupportequipment,andhighly skilled
people.To geta senseof all of the largenumberof functionsrequired,theSpaceport
SynergyTeamatKSC put togethera documentcalled"A Catalogof Spaceport
ArchitecturalElementswith FunctionalDefinition." Within thisdocument,12generic
spaceportfunctionalgroupingsareidentified. Theseare:

1. Payload/CargoProcessing
2. Traffic/Flight Control
3. Launch
4. Landing/Recovery
5. VehicleProcessing
6. Assembly/Integration
7. DepotMaintenance
8. SupportInfrastructure
9. UniqueLogistics
10.OperationsPlanning& Management
11.ExpendableElements
12.CommunityInfrastructure

Numerousfunctionsaredefinedfor eachof thegroupingwith thevehicleconcept
determiningwhichfunctionsmustbeperformed.All in all, thesizeof theO&S cost
modelingproblemis substantiallylargerthanthattypically facedby a hardwaremodel
developmenteffort.



The LSOCM Team

As stated earlier, LSOCM is sponsored by the Independent Program Assessment

Office (IPAO) at LaRC (Langley Research Center). The IPAO is chartered with

providing independent analyses (including cost analyses) of NASA's programs and

projects. The IPAO oversees LSOCM through the NASA Operations Cost Model

Steering Committee. This committee has the responsibility of developing operations cost

models for all of NASA's space flight hardware missions. To this end, the committee has

successfully developed models for estimating the recurring operations cost of

interplanetary and earth orbiting science missions. In addition to launch operations,

efforts are currently underway to develop a model for human spaceflight operations.

The LSOCM team consists of operations, reliability & maintainability, and cost

professionals from across NASA, plus contractor and university support. The current
team members are listed below in Table 1:

NASA SAIC

Mark JacobsAndy Prince/Lead

Doug Morris

Nancy White
Richard Brown

Mike Nix

Grant Cates

Glenn Rhodeside

Virginia Tickles

Old Dominion University
Dr. Resit Unal

Figen Baysel

Table 1. LSOCM Team Members.

Definition of Launch System Operations

Before proceeding further a definition of launch system operations needs to be

established. As in all endeavors involving experts from various disciplines, semantic

issues often arise to complicate the fruitful exchange of information. Therefore, a clear

understanding of the key terminology used in this paper is important.

The first term to be defined is "launch system." The term launch system is used

to capture everything required to place payloads and people into earth orbit. Generally

speaking, everything can be divided into three major elements: the launch vehicle; the

ground infrastructure necessary to support and maintain that vehicle; and offline

functions such as payload processing.

The second term is "operations." Operations means the facilities, ground support

equipment, people, and time required to perform all O&S activities necessary to maintain

the launch system on the ground and in space. Purists from the maintenance and support

world decry (with good reason) our liberal use of this term and the negative impact that

has on learning anything from other organizations, such as the Air Force. However, we

in NASA have been referring to what we do as operations for so long that I doubt change
will occur soon.



Notice that there is some overlap in these two definitions. Both terms refer to

ground infrastructure and facilities. The view taken in this paper is that "launch system"

refers to a static collection of vehicles, buildings, GSE, etc. "Operations" is the act of

putting these vehicles, buildings, GSE, etc. into productive use through people working

over time. Neither definition captures the full scope of the problem. The proper design

of a launch system requires that the complex and subtle interactions of the vehicle with

the ground system be captured through the modeling of operations.

Requirements

A formal requirements document does not exist to support the development of

LSOCM. A "Concept of Operations" document (model, not launch systems) is being

developed as a precursor to a requirements document. In the mean time, a working set of

requirements has been created to guide the modeling efforts. These requirements are as
follows:

o Cost the operations of earth-to-orbit launch systems only.

o Be a general purpose model. That is, cover a wide range of launch vehicle

concepts and technologies. However, the central focus is on reusable launch
vehicles.

o Estimate all operations costs (see Generic Spaceport Functions)

o Estimate cycle time.

o Capture the following elements of cost:

o Startup: facilities build, GSE purchase, and training.

o Annual Recurring: facilities & GSE maintenance, fixed and variable labor

and materials.

Initial Modeling Approach

A key goal in the development of LSOCM has been to correct one of the central

shortcomings of other operations cost models: good at estimating what we do today

(shuttle), not so good at estimating what we might do in the future. To overcome this

shortcoming, LSOCM is built around two existing tools: RMAT and COMET/OCM.

RMAT provides a methodology for estimating the O&S cost for future launch

systems. RMAT is not a cost model. However, RMAT does estimate reliability and

maintainability requirements (number of maintenance actions, maintenance hours, etc.).

The tool uses historical shuttle and military aircraft data to predict maintenance hours,

turnaround time, and other metrics based on the vehicle design, choice of R&M

characteristics, and choice of maintenance policy. By using military aircraft as an anchor

point, RMAT provides insight into changes in the O&S burden as the vehicle becomes

more aircraft like. RMAT operates at the subsystem level and is tailored to work on

concept design studies.
However, RMAT has two drawbacks. The first is that RMAT only addresses the

vehicle processing function. This leads to the inclusion of COMET/OCM to cost the

other operations functions (more on that later). The second drawback concerns the ability

of the model to estimate O&S improvement.



RMAT requiresthattheusermakeseveralsubjectiveinputsconcerningthe
amountof improvementin O&S to berealizedby thenewsystemrelativeto theexisting
system(shuttle).Normally, theamount(or level)of improvementis ascertainedby
numerousdiscussionswith operationsandvehicledesignprofessionals.However,for
LSOCM, thedesirewasto institutionalizetherelationshipbetweenvehicledesign
characteristics,technology,andlevelof improvement.To getthenecessaryinformation
it wasdecidedto surveyoperationsandvehicleengineeringprofessionals.Thesurvey
providedsomeinterestingresultsandenabledtheinitial versionof LSOCMto estimate
theamountof improvementin vehicleprocessingbasedon thevehiclecharacteristicsand
enablingtechnology.The surveyprocessis discussedin greaterdetailbelow.

As statedabove,COMET/OCMis thetool usedto estimatethenon-vehicle
processingspaceportfunctions. COMET/OCMwasdevelopedfor theMarshallSpace
FlightCenter(MSFC)in 1994. Themodelis built on shuttleandELV operationsdata,
andenablestheuserto estimatetheoperationscostof shuttlederivatives,crewed
reusablevehicles,uncrewedreusablevehicles,crewedexpendablevehicles,and
uncrewedexpendablevehicles.While COMET/OCMenablesacompletelaunchsystems
operationscostestimate,it doesnotadjustfor improvementsoperationsdueto changesin
technologyor groundsysteminfrastructure.Thus,usingRMAT to estimatethese
improvementsmakesfor a naturalmarriageof thetwo capabilitiesin LSOCM.

Two newalgorithmsareaddedto LSOCM. In orderto providepartof the startup
cost,facilitiesandGSEmustbeestimated.Themodelfor estimatingfacilitiesandGSE
costis basedonhistoricalKSCactualsandhasbeenadjustedto reflectimprovementsin
technology.LSOCMtranslatesvehiclesizeinto facility sizes,whichcanthenbe
estimatedonapercubicfoot basisby usingsimilarshuttlefacilities.

Cycletimeestimationis a newcapabilitynot readilyavailablefrom anyprevious
efforts. Forthe initial versionof themodel,cycletime isestimatedfor vehicle
processingonly. Thealgorithmusesmaintenanceburdenhours,headcount,an
accessibilityfactor,andamountof serialprocessingrequired.

Response Surface Modeling (RSM)

RMAT, like many powerful tools, is difficult to use, requiring experience and

knowledge above and beyond that possessed by the average cost engineer. To simplify

RMAT sufficiently for use in LSOCM (as well as to minimize the number of inputs), Dr.

Resit Unal of Old Dominion University proposed the development of parametric models

based on RMAT be derived via RSM techniques. This approach, fully described in the

paper "Response Surface Model Building for Operational Characteristics of Reusable

Launch Vehicle Concepts" and presented at this conference, has proven to be very

successful in reducing the RMAT down to a small set of technical parameters. Dr. Unal

will be doing additional work to determine which subsystem specific variables provide an

improvement over the current models.

The result of the RSM development is a matrix of equations for each of the 21

subsystems modeled by RMAT. Each matrix consists of six vehicle size classes by 5

levels of improvement. The six vehicle size classes range from 120K to 280K pounds.

The five levels of improvement start with current state-of-the-art and vary by 25%

improvement increments until a maximum of 100% improvement (representing military



aircraft like operations)is reached.Theuserinputsonvehiclesizeandlevelof
improvementguideLSOCMto thecorrectequationin thematrix. Sinceit is likely the
userinputswill leadto anestimatedlevel of improvementsomewherebetweentwo of the
presetlevels,linear interpolationis usedto get thecorrectoutputs.

Theinputsinto theRSMequationsconsistof thefollowing technicalvariables:

o Dry Weight(lbs)
o Length(ft)
o Wing Span(ft)
o Numberof Engines
o MissionDuration(Days)
o WettedArea(ft2)
o FuselageArea(ft2)
o FuselageVolume(ft3)

Themodeloutputsarereliability, numberof maintenanceactions,maintenancehours
(dividedinto scheduledandunscheduled),andheadcount(numberof peoplewhocan
workon thesubsystematanyonetime).

Survey

As stated earlier, one of the key issues when developing a reusable launch

systems operations model is the lack of data. RMAT, by incorporating shuttle and

military aircraft data, provides the endpoints. However, the rate and nature with which

the operations cost changes as the vehicle changes is unknown. The purpose of the

surveys was to get expert guidance in this area so that the model could be responsive to

key design parameters.

The survey development process was iterative, with two test surveys being run

before the survey instrument and presentation methodology was finalized. A portion of

the survey illustrating the format is shown in Figure 1.

Parameter

Impact

Characteristics

Percent Improvement

Characteristic _ Assessment ConfidenceShuttle

I TPS Subsystem__ _eaOVgMENT_ .

•

-oit
i

(I) ql?_s & Ilia rake ts (HRSI. FRS t AFIISD

2)TIks & Blaaltels (LI.gtO. TUI_. AETB4)

(3)lV_tallks (Nkkel Smper AIIby, T_taululll Multi-

I

rul (Hot Structure) [

i

'15) I

Space for Addition

Figure 1. Survey Format



Thefollowing arethedefinitionof termsandinstructionsfor completingthe
survey:

Parameter: Operations or vehicle characteristic that is believed to have a major impact

on operations.

Characteristics: Different aspects or features of the parameter.

Parameter Impact: Participant rating of the impact that this parameter has on O&S.

Value could be Low (L), Medium (M), High (H) or No Effect (NE). If NE then

the user would proceed to the next parameter.

Percent Improvement: The participant estimated impact on O&S for a given

characteristic. NA is not applicable and would indicate that the characteristic has

no impact.

Assessment Confidence: A one to five participant rating that gives the level of

confidence in the assessed percent improvement. Five indicates the highest
confidence.

Shuttle Characteristic: The characteristic indicative of the current shuttle system.

Space for Addition: The participant could add and assess missing characteristics

(after all, this survey was designed by cost engineers!). There was also space

available at the end of the survey for new parameters to be added.

Overall, 40 professionals from the operations, design, and cost fields were

interviewed. The goal was to achieve a larger number of participants, but the time

required to take the survey combined with a major KSC reorganization hindered

participation.

Despite the problems, useful information was obtained from the surveys. For

example, one interesting finding is that aircraft like operations using rocket based

propulsion may be impossible. The results of the surveys have been used to develop

input matrices for the model to determine the level of improvement for the RSM

equations.

Model Operation

The current model is implemented in an Excel spreadsheet using macros,

formulas, and action buttons. Various input sheets query the user for the information

needed to run each of the model components. At this time, no attempt has been made to

standardize the user interface, so parts of the model look and feel like COMET/OCM,

other parts use input tables based on the survey results, and others are simple "fill in this

cell" locations for necessary parameters. The model does have a built in data base

capability to allow the user to save multiple estimates. However, this capability does not

support editing of an estimate once it has been saved to the data base.

To simplify discussion, the model inputs are classified into types. These types are
defined as follows:



Vehicle Description: Inputs that characterize the approach used by the launch system

to place payloads into orbit. Queries include type of payload encapsulation,

thermal protection system material, and main engine life.

Technical Data: Quantitative information such as that listed in the Response Surface

Modeling section of this paper.

Flight Events: Number of significant flight events for each of three mission phases:

ascent, on-orbit, and descent. LSOCM provides a predefined list of what

constitutes a significant event. Examples include main engine start, docking, and
de-orbit burn.

Propellants: Type and quantity of propellants used for each flight.

Flight Rate Profile: The expected number of flights per year for a 20-year period.

Time in Facility (non-Processing): The amount of time spent by the launch system in

each of the three non-vehicle processing facilities: land/recover, launch

processing, and flight operations.

Technology Effects: Percentage multipliers on the 21 RMAT subsystems that

throughput the change in maintenance burden for a specific technology.

Each of the major LSOCM components uses different subsets of the inputs to

generate different pieces of the operations cost picture. Table 2 shows these input and

output relationships.

LSOCM Component

COMET/OCM

RMAT RSM Matrices

Facilities Model

Cycle Time Model

Inputs

Vehicle Description
Flight Events
Propellants

Vehicle Description
Technical Data

Launch Processing Time
Mission Duration
Vehicle Processing Time
Flight Rate Profile

Launch Processing Time
Mission Duration
Vehicle Processing Time

Outputs

Launch Cost
Flight Operations Cost
Propellant Cost

Vehicle Processing Cost
Vehicle Processing Time

Number of Facilities
Facilities & GSE Cost

Number of Vehicles
Facility Utilization
Turnaround Time

Table 2. LSOCM Input/Output Relationships.

Other outputs that can be obtained from the model include flight rate capability,

headcount, and estimates for one and three shift operations (the model defaults to two

shift operations). Of course, annual operations cost is provided, as shown in Table 3.

Note that only the first three years of the 20-year model horizon are shown. Table 4 is a

partial illustration of the summary level output. Two views of the data are given in Table

4: cost and cycle time by spaceport function; and cost by major element (facilities, GSE,

etc.).



Launch System

Operations Summary

Total Cost by Category

Facilities

GSE

Spares, GSE
Labor

Variable

Fixed

Propellants & Fluids

Total Annual Cost

Average Cost/Flight, $M

Single Shift, Low Cost

Single Shift, Cost�Flight

Three Shifts, High Cost

Three Shifts, Cost�Flight

Start-up Year 1 Year 2 Year 3

2,718 213 213 213

6,052 634 634 634

393 41 41 41

1,692 1,680 1,680 1,680

735 732 732 732

958 948 948 948

12 11 11 11

$10,868 $2,580 $2,580 $2,580

1,359 322 322 322

$10,022 $1,740 $1,740 $1,740

2,506 435 435 . 435

$11,714 $3,420 $3,420 $3,420
976 285 285 285

Table 3. Example Annual Operations Cost Output.

SPACEPORT
SUMMARY Start-up

1-Processing 1,191
2-Launch 288

3-Flight Ops 1,009
4-Land�Recover 468

5-Support Infra 4,278

6-Payload Proc I 290
7-Assy/Integ I 2,235

8-Sys Plng&Mgt I 1,109
TOTAL, $MI 10,868

A vg Fleet-Level

Av_ Annual LCC * Days�Flight
504 11,276 42
109 2,461 28
604 13,097 5

28 1,027 2
508 14,432 n/a
130 2,885 n/a

228 6,787 n/a

470 10,501 n/a
2,580 62,466

COST ELEMENT
SUMMARY

Facilities
GSE

GSE Spares
Labor, variable

Labor, fixed

Propellan ts/Fluids
TOTAL, $M

Sta_-up AvgAnnual LCC *
2,718 213 6,984
6,052 634 18,739
393 41 1,218
735 732 15,384
958 948 19,909
12 11 231

10,868 2,580 62,466

Table 4. Example LSOCM Summary Output.

Of the 12 spaceport functional groupings discussed above, four are not estimated

in LSOCM. These are Concept Unique Logistics, Expendable Hardware, Depot



Maintenance, and Community Infrastructure. The LSOCM team recognizes the

shortcoming and plans to address these functional groupings in the near future.

Next Steps

While LSOCM is a functional model that gives reasonable results, much work

remains before the model is sufficient to support NASA programs and projects such as

2"d Generation and Shuttle Upgrades. In the near term, the model development team is

focused on the following four activities:

1. Perform Verification & Validation of the current version.

2. Upgrade the user interface.

3. Initiate the development of a generic simulation model.

4. Perform detailed planning for LSOCM Version 2.0.

Steps 1 and 2 are targeted towards the current version. Since several of the

algorithms will be used in Version 2.0, it is important that the logic be validated and, to

the best extent possible, the output verified. Also, upgrading the user interface will make

the current model more accessible as well as providing a platform for testing the Version

2.0 interface.

Step 3 is focused on a new tool that will be an ancillary product with LSOCM, a

generic launch system processing simulation model. Recent research by KSC has shown

that a shuttle ground processing simulation can provide useful insight into operations

activities. The purpose of the LSOCM generic simulation tool is to automatically create

a ground processing simulation for a conceptual launch vehicle based on outputs from

LSOCM. The generic simulation model will enable higher fidelity studies of launch

system cycle times and facilities requirements.

Step 4 begins the process of developing LSOCM Version 2.0. One lesson learned

from the development of the current version is that careful planning is important to

success. Now that a version of the model is operational, it is easier to see the gaps and

shortcomings. This knowledge is being used to guide the decision making process for

determining what data and algorithms are needed for Version 2.0.

One major change for Version 2.0 is the work breakdown structure underlying the

model. Currently, the 12 Generic Spaceport Functions are being used to determine what

is and what is not estimated by the model. These 12 functions are an excellent catalog of

the activities required to perform launch system operations. However, operations is by

definition activity based; therefore, the LSOCM team has adopted a different operations

paradigm designed to capture the flow of O&S as well as ensure completeness. This new

paradigm is shown in Figure 2.



Payload
Processing

Payload Post-Flight

Processing

Payload Removal

Off-Line Functions

Spaceport Support

On-Site Manufacturing & Repair

Operations Planning & Management

Flight Crew Support

Traffic/Flight Control

Depot Maintenance

Logistics

Element Transportation

Figure 2. LSOCM Version 2.0 Paradigm.

An advantage of the new paradigm is that is shows launch system O&S as a series

of activities, within each a logical grouping of functions can be performed. The

paradigm also defines interactions between groups of functions, with optional flow paths

illustrated by dashed lines. Other benefits of this paradigm are that it is a natural

template for generic simulations and it allows the model to handle multiple vehicle

elements by simply adding parallel functional groupings to the flow (i.e. a two stage to

orbit vehicle would have a duplicate primary flow except for launch site processing,

launch, and part of flight operations).

Conclusion

The current version of LSOCM is the first step towards developing a fundamental

tool that NASA needs to support reusable launch vehicle studies. Other versions will

follow, adding new capabilities and allowing more detailed analyses. The model will be

used in the near term to support 2 no and 3 rd generation RLV studies, and many ideas for

enhancement are expected to result.

Support within NASA for improving the operations assessment and costing

capability is strong. The Space Launch Initiative is well aware of the importance of

credible O&S cost estimates in making decisions. Operations costing and assessment is

vital to meeting the Agency goals of flying the shuttle safely, reducing the cost of access

to space, and increasing reliability. LSOCM is being positioned as an important

contributor to those goals.
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